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Abstract 
The existent Marina Expo breakwaters in Lisbon were designed 12m high in order to resist to the 
variations of the water level, inside and outside the Marina basin. Due to an upgrade on the operational 
system, leading to a better use of the Marina, it was necessary to assure the safety conditions of the 
breakwaters against the variation of both the inside and outside water level. Taking into account this 
scenario, the need for rehabilitation and reinforcement of the existent breakwaters, as well as the pier 
bridge, 264 m long and 27 m wide became inevitable. 
The geological and geotechnical scenario, as well as the correspondent design parameters, are 
described. The design requirements related to both static and seismic analysis of the Marina 
breakwaters are presented. The design of the rehabilitation and reinforcement solution, including 
inclined micropiles and jet grouting columns, are pointed out. The quality control and quality 
assurance of the adopted solution is presented, including the tension full scale load tests, performed on 
micropiles. 
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1 Introduction 
The aim of this paper is to present the main solutions proposed and implemented in order to assure 
the upgrade on the operational system of the Marina of “Parque das Nações” South basin (figure 1), 
with the following objectives: 
b) Limitation of permeability between levels +4.00 (hydrographic reference zero level, ZH) and 
-4.00(ZH), coincident with the perimeter of the pier bridge, in a distance of approximately 270m long. 
c) Decrease of permeability in order to minimize the water flow inside the North breakwater for 
a distance of approximately 490m. The structure of the breakwater consists on a sand and gravel fill, 
with variable height between 10 and 12m platform and 3m wide crest, located at level +5.70m (ZH). 
Taking into account the described conditions, as well as construction reasons, such as economy 
and easiness of the works, solutions using jet grouting columns and steel micropile pipes (the latter 
only in Pier Bridge, where the closing curtain would have to accommodate major tension stresses) 
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were adopted. At the North breakwater a curtain of jet grouting columns was adopted, up to about 1m 
below the level provided for the initial solution: -1.00(ZH). The initial solution defined a curtain of 
reinforced concrete prefabricated panels, to close the pier bridge, and a screen of HDPE membrane on 
the internal face of the North breakwater. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: General Marina Expo plan and bird eye view 
2 Main Conditions 
2.1 Geological and Geotechnical 
Based on the results of the geotechnical survey, which consisted of "in situ" bore holes (with SPT 
tests and continuous sampling for macroscopic analysis), as well as laboratory tests (triaxial and 
oedometric). The results allowed to prove that the soil at the site of pier bridge were characterized by 
an alluvium, soft mud, from the surface to about level -11(ZH), resting over a layer of sand and gravel, 
with approximately 3 to 4m thickness, over the Miocene bedrock. In the area of the North breakwater, 
the soil was formed by the breakwater sand and gravel fill, whose voids were filled by alluvial 
material, resting directly over the Miocene weathered limestone and sandstone bedrock (Figure 2). 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Geotechnical Zones and existent North breakwater geotechnical transversal section. 
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After an evaluation of the results of both the field tests and the laboratory tests, the geotechnical 
parameters presented on Figure 2 were adopted: 
Figure 3 presents some details of the sand and gravel fill materials, filled by alluvial material, from 
a shaft excavation in the North breakwater. 
 
2.2 Pier Bridge Structure 
The proposed solutions should meet the requirements for structural safety, durability and 
permeability limitation, equivalent to those defined at the initial solution. In particular, the 
requirement of non-transfer of forces to the existing structure of the pier bridge, founded over the 
Miocene bedrock through the large diameter and stiff piles, as well as to ensure the maintenance of the 
existing structure integrity (Figure 3). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Views of pier bridge temporary platform construction and sand and gravel (ZG2) excavated from 
the existent breakwater core. 
 
2.3 North Breakwater Structure 
The proposed solutions should meet the requirements for both structural safety and permeability 
limitation, equivalent to those defined at the initial solution: HDPE screen on the internal face of the 
breakwater. In particular, the limitation of permeability up to a level not less than the one defined at 
the base solution: 0.00(ZH). The adopted solution should also ensure the structural integrity of the 
existent pier. Before the start of the jet grouting works several small shafts have been opened at the 
breakwater core in order to confirm the possibility to adopt the jet grouting solution at the stone fill 
material (Figures 2 and 3). 
3 Adopted Solutions 
3.1 Pier Bridge Curtain 
Regarding the main existing constraints, the proposed solution to close the pier bridge consisted 
basically in building a curtain of vertical and sub-vertical jet grouting columns, reinforced with steel 
micropile pipes, Ø127x9mm, steel N80 (API 5A), internally reinforced by a steel bar Ø32mm 
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(A500/550). At the top of the columns was built a high stiffness reinforced concrete capping beam. 
The columns were performed with diameter of 2200mm and 1200mm respectively, vertical and sub-
vertical. The sub-vertical columns, inclined at 20º and 12.5º and reinforced with the same type of 
micropiles, allowed to increasing the rigidity of the curtain against horizontal deformation. About one 
half of the vertical columns of the curtain has been extended until the Miocene bed rock, to ensure the 
transfer of vertical loads and, simultaneously, to further improve the curtain stiffness against the 
horizontal hydrostatic pressure (figure 4). Simply it, can be noted that the steel elements played the 
main structural role and jet grouting columns played the main sealing and stiffening role. The 
durability of metal components was achieved by the soil-cement covering, dictated by placing them 
inside the jet grouting columns (Kutzner, 1996). 
The jet grouting curtain was designed to accommodate the actions defined in the initial solution, 
mainly: the hydrostatic maximum gradient of about 4m, as well as the planned dredging inside the 
Marina. At the design stage it was considered that the resistant elements would be subjected to cyclic 
variation of the forces caused by the tide’s hydrostatic pressure. The micropiles are permanently 
confined inside of jet grouting columns, so it was considered that, when subjected to compression 
stresses, they will not face the mobilization of buckling. The stress oscillations depends on the tides, 
so the cycles of loading and unloading of the steel micropile pipes and jet grouting columns were 
considered in the design of these elements, taking into account the steel fatigue. 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Pier Bridge - transversal cross section and capping beam works. 
It should also be pointed out the the foundations of the Bascule Bridge, which allows the 
connection of the pier bridge access to the south area of “Parque das Nações”, included the following 
situations, properly articulated with those adopted at the pier bridge curtain: 
x Foundation of the Bascule Bridge next to the pier bridge: using jet grouting columns 
Ø1200mm, reinforced with micropiles tubes, steel N80 (API 5A), Ø127,0x9,0mm (with 
external ring joints) and the last ones internally reinforced with a steel bar type 
"Gewi"Ø32mm (A500/550); 
x Replacing the existing foundation of the structure, reinforced concrete piles, by jet grouting 
columns Ø1200mm, reinforced with micropiles tubes, steel N80 (API 5A), Ø177,8x10,0 mm 
(with external ring joints ) and the last ones internally reinforced with a steel bar type "Gewi 
"Ø32mm (A500/550). 
The execution of the jet grouting columns was also complemented by a tight quality control and 
quality assurance, allowing the confirmation of the resistance, deformability and geometry of the 
columns. For this purpose, test columns were built and full length cores from test and final columns 
were collected in order to access geometry and to perform laboratorial tests, mainly UCS and Young’s 
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Modulus, at different ages. During the execution of the jet grouting columns a permanent registration 
of all the adopted parameters was also performed, allowing to confirm the columns overall length. 
 
3.2 North Breakwater Curtain 
Taking into account the existing main constraints the solution proposed to reduce the permeability 
of the North breakwater between levels 0.00(ZH) and +4.00(ZH) consisted a jet grouting columns 
Ø1200mm, spaced at 1m, between elevation -1.00(ZH) and +4.20(ZH), located in the center of the 
breakwater core. The curtain was pre-cut with water to allow a prior desegregation of larger stone 
elements that could eventually compromise the desired screen effect. As already stated, this solution 
was checked by the previous execution of small shafts, performed in the core of the breakwater, which 
confirmed the existence of stone fill materials, wrapped in geotextile with a granulometry compatible 
with the execution of jet grouting columns (Figure 2). The curtain has been designed to ensure the 
limitation of the permeability as well as to accommodate the actions defined in the initial solution, 
specially: a maximum gradient of hydrostatic pressure between the outside Tagus River and the inside 
Marina basin, as well as the planned dredging within the Marina basin. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: North breakwater: transversal cross section and view of jet grouting works. 
4 Design 
The behavior of the proposed solutions in terms of stresses and strains, for both static and seismic 
actions, was analyzed for all construction phases, through a 2D finite element programs, Plaxis 
Professional V9.02 and SAP2000 V14 (Figure 6). The overall, static and seismic, stability of the North 
breakwater slopes was checked using an equilibrium limit program Slide 5.0 (Figure 7). National and 
international regulations were adopted or, when not available, calculation methods well tested and 
calibrated (Bustamante et al, 1985). The ground layers were modeled using the geomechanical 
parameters already presented at Figure 2. 
 
4.1 Pier Bridge Curtain 
The curtain located at the Marina side of the Pier Bridge was performed using jet grouting 
columns, reinforced with steel micropiles tubes (two per column in order to resist bending moments 
through binary effect) was designed based on the forces determined from the finite element models. It 
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was assumed, on a conservative approach, that the jet grouting columns would ensure only the 
necessary stiffness and the steel micropile pipes would accommodate all the stress. 
As already stated, the steel tubes placed inside the curtain were designed to assure sufficient 
capacity to resist all the tensile and compressive loads. It was considered that the sealing of the 
micropiles was accomplished through the extension of the columns within the sands and gravel layer 
(ZG2) until the Miocene bedrock. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: 2D Finite Element Model – Pier Bridge Curtain. 
4.2 North Breakwater Curtain 
The jet grouting columns curtain was designed taking into account the loads provided by the 2D 
finite element model. The implications of the ground water table oscillations due to the tides, at the 
both sides of the North Breakwater slopes, was analyzed using equilibrium limit models, as shown in 
Figure 7. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Equilibrium Limit Model – North Breakwater. 
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5 Full Scale Load Tests 
As stated above, the quality control and quality assurance included two full scale tension load tests 
performed on steel tubes, 127.0x9,0mm (with external ring joints and internally reinforced with a 
steel bar Ø40mm (A950/1050)) placed at the axis of jet grouting columns Ø1200mm, inclined 20º 
with the vertical axe. The use of a steel bar Ø40mm (A950/1050), instead of steel bar Ø32mm 
(A500/550), adopted in the remaining columns, was justified only due to the tests procedure, allowing 
a full application of the test load to the bar, without needing for any welding processes (eliminating 
the phenomenon of concentration of residual stresses, which could lead to a premature failure of the 
micropile pipe). In order to reproduce as faithfully as possible the conditions of the solution, the test 
was performed on a jet grouting column integrated in the final curtain (Figure 8). 
The load tests program consisted of three cycles of tension load, in order to allow the performance 
prediction of the proposed and implemented solution, between elevation +4.00 and -4.00(ZH). At each 
load step, auxiliary topographic readings were performed in order to check any movements of the 
platform of the pier bridge. 
The tests results allowed, among other things, to evaluate the expected maximum displacements 
(including the elastic and plastic components) as well as to estimate the possible susceptibility to creep 
phenomena. Taking into account the current practice, for testing of integral elements integrated in the 
final solution, the tests consisted of applying at the top of the steel bar Ø40mm (950/1050) an axial 
tensile load with a maximum value of about 1,25 times the service load, eg 1.25x880=1100kN. 
As a reaction system two metal beams HEB400 (S355JR) were adopted, supported on the structure 
of the existing pier bridge. It was assured the location of the tests in an area almost coincident with the 
existent structure large and stiff pile foundation of it in order to minimize the relative deformations. 
An hollow hydraulic jack was used, in order to prestress the steel bar, as well as the placement of a 
plate and an anchor nut on the tested steel bar Ø40mm top end, ensuring the transmission of the load 
through the steel bar. 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Load test reaction structure and main results. 
The monitoring and survey system of the tested steel tube axial deformation, as well as for the 
reading of the tension load installed, consisted of the following devices: 
x 1 x analogue deflection meter with the rod placed directly on the anchor plate of the steel bar 
Ø40mm; 
x 1 x Hydraulic pressure gauge connected to the hydraulic system of the jack;  
x 4 x topographic targets set in the steel tube of the tested micropile as well as in the structure 
of the pier bridge. 
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The installed system allowed the direct reading of the following quantities: load test imposed by 
hydraulic jack and total axial deformation of the tested micropile (Figure 8). 
The results of the full scale load tests confirmed the solution good behavior. There were almost no 
residual plastic displacements as the majority of the load cycles showed an approximately elastic 
behavior, including the cycle to a maximum load of 1.100kN (1,25x service load). It should also be 
pointed out that there were no relevant shifts on deformation during the several load steps, even in the 
levels corresponding to the higher loads, which lead to the conclusion of the nonexistence of creep.  
The obtained results allow the prediction of a good behavior of the proposed and implemented 
solution. This conclusion is based on elastic behavior, without creep, of the tested elements. 
6 Final Remarks 
Following previous marine complex works (Pinto et al, 2006), this paper allow the confirmation of 
the excellent performance of the jet grouting columns and micropiles solutions in this kind of complex 
scenarios allowing the permeability reduction, where the versatility and flexibility plays a key role, 
allowing the adjustment of the solutions to the important existing constraints, especial the geological 
and geotechnical and the constructive ones (Pinto et al, 2009). It also emphasizes is the importance of 
the quality control and quality assurance of those solutions, mainly the full scale load tests. 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Views of the pier bridge, including bascule bridge abutments, after the geotechnical works 
completion. 
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